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The top quark \[[@CR1], [@CR2]\] is the most massive known fundamental particle and its mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}}$$\end{document}$ is an important parameter of the standard model (SM) of particle physics. Precise measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} $$\end{document}$ can be used to test the internal consistency of the SM \[[@CR3]--[@CR5]\] and to search for new physical phenomena. Since the top quark dominates the higher-order corrections to the Higgs boson mass, a precise $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} $$\end{document}$ determination is crucial to put constraints on the stability of the electroweak vacuum \[[@CR6], [@CR7]\].

At the CERN LHC, top quarks are predominantly produced in quark-antiquark pairs ($\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$) through the gluon fusion process, and decay almost exclusively to a bottom quark and a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ boson. Each $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ event can be classified through the decays of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons. Events in the all-jets final state correspond to those that have both $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons decaying further into $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {q}\mathrm {\overline{q}}'$$\end{document}$ pairs, while events in the lepton+jets final state have one $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ boson decaying to a charged lepton and a neutrino.

This paper presents a measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} $$\end{document}$ obtained in the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ all-jets decay channel using proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}\mathrm {p}$$\end{document}$) collision data taken in 2016 by the CMS experiment at a center-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13\,\text {TeV} $$\end{document}$, corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$35.9{\,\text {fb}^{-1}} $$\end{document}$. The two bottom quarks and the four light quarks from the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ decay are all required to be physically separated in the laboratory frame of reference, and the nominal experimental signature is therefore characterized by six jets in the detector.

Although this final state provides the largest branching fraction of all $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$  decays, this measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} $$\end{document}$ is particularly challenging, because of the large background from multijet production. A kinematic fit of the decay products to the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ hypothesis is therefore employed to separate signal from background events.
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                \begin{document}$$m_{\mathrm {t}}$$\end{document}$ is extracted using the ideogram method \[[@CR8], [@CR9]\], which is based on a likelihood function that depends either just on the mass parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}}$$\end{document}$ combined with an additional jet energy scale factor (JSF). In the second case, the invariant mass of the two jets associated with the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}\rightarrow \mathrm {q}\overline{\mathrm {q}}'$$\end{document}$ decay serves as an observable to directly estimate the JSF.

Previous measurements in this decay channel have been performed by Tevatron and LHC experiments at lower center-of-mass energies \[[@CR10]--[@CR14]\]. The most precise one of these has been obtained by CMS at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8\,\text {TeV} $$\end{document}$, resulting in a mass of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} =172.32\pm 0.25\,\text {(stat+JSF)} \pm 0.59\,\text {(syst)} \,\text {GeV} $$\end{document}$. Combining the results of several measurements using different final states at $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} =172.69\pm 0.48\,\text {GeV} $$\end{document}$ \[[@CR15]\] and $\documentclass[12pt]{minimal}
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                \begin{document}$$172.44\pm 0.48\,\text {GeV} $$\end{document}$ \[[@CR12]\], respectively, while a value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {t}} =174.30\pm 0.65\,\text {GeV} $$\end{document}$ was obtained by combining the Tevatron results \[[@CR16]\].

The top quark mass has been measured for the first time with $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV} $$\end{document}$, using the lepton+jets channel \[[@CR17]\], yielding a value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {t}} = 172.25\pm 0.08\,\text {(stat+JSF)} \pm 0.62\,\text {(syst)} \,\text {GeV} $$\end{document}$. A measurement using both $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {t}\overline{\mathrm {t}}}$$\end{document}$ all-jets and lepton+jets events is presented here. This is possible since the two measurements use the same mass extraction method, so a single likelihood can be used, rather than just combining the two results statistically. With this approach, no assumptions on correlations between different uncertainties of the measurements have to be made. This is the first report of a combined $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {t}}$$\end{document}$ measurement in the lepton+jets and all-jets final states using a single likelihood function.

The CMS detector and event reconstruction {#Sec2}
=========================================

The central feature of the CMS apparatus is a superconducting solenoid of 6 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text { T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$) coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system \[[@CR18]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select events within a time interval of 4$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\text { kHz}$$\end{document}$. The second level, known as the high-level trigger (HLT), consists of a farm of processors running a version of the full event reconstruction software optimized for fast processing, and reduces the event rate to around 1 $\documentclass[12pt]{minimal}
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The particle-flow (PF) algorithm \[[@CR19]\] aims to reconstruct and identify each individual particle in an event, with an optimized combination of information from the various elements of the CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of electrons is determined from a combination of the electron momentum at the primary interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track. The energy of muons is obtained from the curvature of the corresponding track. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.

The reconstructed vertex with the largest value of summed physics-object $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} ^2$$\end{document}$ is taken to be the primary proton--proton interaction vertex. The physics objects are the jets, clustered using the jet finding algorithm \[[@CR20], [@CR21]\] with the tracks assigned to the vertex as inputs, and the associated missing transverse momentum, taken as the negative vector sum of the transverse momentum $\documentclass[12pt]{minimal}
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Jets are clustered from PF objects using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ algorithm with a distance parameter of 0.4 \[[@CR20]--[@CR22]\]. Jet momentum is determined as the vectorial sum of all particle momenta in the jet, and is found from simulation to be within 5--10% of the true momentum over the whole $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ spectrum and detector acceptance. Additional proton--proton interactions within the same or nearby bunch crossings (pileup) can contribute additional tracks and calorimetric energy depositions to the jet momentum. To mitigate this effect, tracks identified to be originating from pileup vertices are discarded, and an offset correction is applied to correct for remaining contributions from neutral hadrons. Jet energy corrections (JECs) are derived from simulation to bring the measured response of jets to that of particle level jets on average. In situ measurements of the momentum balance in dijet, photon+jet, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z}$$\end{document}$ +jet, and multijet events are used to account for any residual differences in the jet energy scale in data and simulation \[[@CR23]\]. Additional selection criteria are applied to each jet to remove jets dominated by anomalous contributions from various subdetector components or reconstruction failures \[[@CR24]\].

A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR25]\].

Event selection and simulation {#Sec3}
==============================
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In the offline selection, an event must contain a well reconstructed vertex localized within 24 cm in the *z* direction and 2$\documentclass[12pt]{minimal}
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For simulated events, a trigger emulation is used. The residual differences in the trigger efficiency between data and simulation are corrected by applying scale factors to the simulated events. These are obtained by measuring the trigger efficiency with respect to a reference $\documentclass[12pt]{minimal}
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Kinematic fit and background estimation {#Sec4}
=======================================

To improve the resolution of the top quark mass and decrease the background contribution, a kinematic fit is applied. It exploits the known topology of the signal events, i.e., pair production of a heavy particle and antiparticle, each decaying to $\documentclass[12pt]{minimal}
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All possible parton-jet assignments are tested using the leading six jets in the event, but only $\documentclass[12pt]{minimal}
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In simulation, event generator information can be used to validate the assignment of the reconstructed jets to the top quark decay products. Events are classified accordingly as *correct* or *wrong* permutations. A parton-jet assignment is considered correct if the jets can be matched unambiguously to the right partons within $\documentclass[12pt]{minimal}
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For the background estimation, the same selection as for the signal is applied, as described above, but instead of requiring two $\documentclass[12pt]{minimal}
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The final selected data set consists of 10,799 events with a signal purity of $\documentclass[12pt]{minimal}
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Ideogram method {#Sec5}
===============
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Three variations of a maximum likelihood fit are performed to extract the top quark mass. In the one-dimensional (1D) analysis, the JSF is fixed to unity (corresponding to a Dirac delta function for the prior probability), i.e., the standard CMS jet energy calibration. For the two-dimensional (2D) analysis, the JSF is a free parameter in the maximum likelihood fit, making possible a compensation of part of the systematic uncertainties. The signal fraction and correct permutation fraction are free parameters in both cases. The third (hybrid) method is a weighted combination of both approaches, corresponding to a measurement with a Gaussian constraint on the JSF around unity. In the limit of an infinitely narrow JSF constraint, the hybrid method is identical to the 1D method, while for an infinitely broad prior probability distribution, the 2D method is recovered. The width of the Gaussian constraint in the hybrid method is optimized to yield the smallest total uncertainty.
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Systematic uncertainties {#Sec6}
========================

A summary of the systematic uncertainty sources is shown in Table [1](#Tab1){ref-type="table"}. The corresponding values are obtained from pseudo-experiments, using Monte Carlo (MC) signal samples with variations of the individual systematic uncertainty sources. In the following, details for the determination of the most important uncertainties are given. Most systematic uncertainty sources are shifted by $\documentclass[12pt]{minimal}
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Results {#Sec7}
=======
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Combined measurement with the lepton+jets final state {#Sec8}
=====================================================

This measurement is combined with the lepton+jets final state, where only electrons and muons are explicitly considered as leptons, while tau leptons enter the selection only when they decay leptonically. The corresponding analysis for the lepton+jets final state is described in Ref. \[[@CR17]\]. All selection and analysis steps are kept unchanged. Since the same method for the mass extraction is used, a combination with the all-jets channel at the likelihood level is possible.
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No extra calibration of the mass extraction is performed, but the single-channel calibrations are applied. Figure [4](#Fig4){ref-type="fig"} shows the extracted values for the top quark mass and JSF for different input values as a validation. No residual dependence is observed.Fig. 4Difference between extracted and generated top quark masses (upper panel) and JSFs (lower panel) for different input masses and JSFs after the single-channel calibrations for the combined measurement. The values are extracted using the 2D method.

The systematic uncertainties are evaluated as described above for the all-jets channel. For the pseudo-experiments, the systematic uncertainty sources are varied simultaneously for both channels. An exception are uncertainties that only affect a single channel. These uncertainty sources are only varied for the corresponding channel. For the all-jets channel, these are the background and trigger uncertainties. In addition, uncertainties specific to the lepton+jets channel are introduced, including the background and trigger uncertainties, as well as the uncertainties arising from the lepton isolation and identification criteria, and are described in Ref. \[[@CR17]\]. The complete list of uncertainties is shown in Table [2](#Tab2){ref-type="table"}. A comparison of the hybrid mass uncertainties can be found in Table [3](#Tab3){ref-type="table"} for the all-jets and lepton+jets channels as well as for the combination. In general, the uncertainties for the combination are smaller than those for the all-jets channel and are close to the lepton+jets uncertainties, as expected because the combination is dominated by this channel. The total uncertainty for the combination is slightly smaller than that for the lepton+jets channel.Table 2List of systematic uncertainties for the combined mass extraction. The signs of the shifts ($\documentclass[12pt]{minimal}
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Just as for the single-channel results, the hybrid measurement provides the best precision and is considered the main result. This is the first top quark mass measurement using the $\documentclass[12pt]{minimal}
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